For many applications, mesoporous titania nanostructures are exposed to water or need to be backfilled via infiltration with an aqueous solution, which can cause deformations of the nanostructure by capillary forces. In this work we compare the degree of deformation caused by water infiltration in two types of mesoporous, nanostructured titania films exposed to water vapor. The different types of nanostructured titania films are prepared via a polymer template assisted sol-gel synthesis in conjunction with a polymer-template removal at high-temperatures under ambient conditions versus nitrogen atmosphere. Information about surface and inner morphology is extracted by scanning electron microscopy and grazing incidence small-angle neutron scattering (GISANS) measurements, respectively. Furthermore, complementary information on thin film composition and porosity are probed via x-ray reflectivity. The backfilling induced deformation of near surface structures and structures inside the mesoporous titania films is determined by GISANS before and after D 2 O infiltration. We observe that the respective atmosphere used for template removal influences the details of the titania nanostructure and strongly impacts on the degree of water induced deformation. Drying of the films shows reversibility of the deformation.
For many applications, mesoporous titania nanostructures are exposed to water or need to be backfilled via infiltration with an aqueous solution, which can cause deformations of the nanostructure by capillary forces. In this work we compare the degree of deformation caused by water infiltration in two types of mesoporous, nanostructured titania films exposed to water vapor. The different types of nanostructured titania films are prepared via a polymer template assisted sol-gel synthesis in conjunction with a polymer-template removal at high-temperatures under ambient conditions versus nitrogen atmosphere. Information about surface and inner morphology is extracted by scanning electron microscopy and grazing incidence small-angle neutron scattering (GISANS) measurements, respectively. Furthermore, complementary information on thin film composition and porosity are probed via x-ray reflectivity. The backfilling induced deformation of near surface structures and structures inside the mesoporous titania films is determined by GISANS before and after D 2 O infiltration. We observe that the respective atmosphere used for template removal influences the details of the titania nanostructure and strongly impacts on the degree of water induced deformation. Drying of the films shows reversibility of the deformation.
Over the last decades mesoporous titania has gained considerable research interest for applications in catalysis, photovoltaics and rechargeable lithium-ion batteries. [1] [2] [3] [4] [5] [6] The great success is closely related to its superior chemical stability, large surface-to-volume ratio, tunable pore size, and having a wide bandgap. [7] [8] [9] [10] [11] In the wake of continued development and advances in the preparation and modification routines, mesoporous titania maintains its important role in the aforementioned fields. For example, due to a Schottky barrier between titania and noble metals, Pt, Au, Pd and/or Ag doped mesoporous titania showed an enhanced photocatalytic activity. [12] [13] [14] [15] By fabricating mesopores with large size and/or introducing superstructures with well-defined structural order, modified mesoporous titania photoanodes gave better performance in photovoltaic applications. [16] [17] [18] [19] Doping mesoporous titania with metal and/or nonmetal is labeled as an emerging technology for producing anode materials of lithium ion batteries. These dopants can dramatically improve the electrical conductivity of mesoporous titania. [20] [21] [22] In all mentioned applications, capillary forces occur during the manufacturing process as a result of infiltration with a liquid into mesopores sometimes called backfilling. Backfilling induced deformation of nanostructures is often found to cause an alteration of the respective device performances. Such deformations are not restricted to titania nanostructures but also occur in other systems. For example, Biener et al. demonstrated that dimensional changes of nanoporous gold, which were induced by capillary forces, enabled surface-chemistry-driven actuation. [23] Grosman et al. reported that deformation of mesoporous silica (SBA-15) had a direct impact on the thermodynamics of nitrogen adsorption. [24] Through theoretical calculations Weissmüller et al. showed that the strain deriving from capillary forces in nanoporous solids is closely linked to the nanostructure geometry. [25] Nevertheless, all these studies focused on surface-induced deformations, while studies on bulk-induced deformations are, to the best of our knowledge, not yet existing. As a consequence, the particular deformation of titania nanostructures upon capillary forces caused by water ingression is not well understood. The present work focuses on unravelling structural changes of mesoporous nanostructured titania films due to capillary forces occurring by backfilling with water and disclosing the difference of structural deformation of near surface structures and structures inside the mesoporous titania films. The mesoporous titania films are prepared via block copolymer assisted sol-gel synthesis using the diblock copolymer polydimethyl siloxane-block-methyl methacrylate polyethylene oxide (PDMS-b-MA(PEO)). Such block copolymer templating was shown to allow for obtaining interconnected titania networks with a tunable nanostructure and mesopore size. [16, [26] [27] [28] [29] In the context of structure deformation, two types of mesoporous titania films are compared to probe the influence of the annealing atmosphere. Grazing incidence small-angle neutron scattering (GISANS) measurements are used to quantify the structural changes induced by capillary forces due to infiltration with D 2 O from its vapor atmosphere. We use D 2 O to have a strong neutron scattering contrast with titania. From the analysis of the GISANS data we detect structural changes of the mesoporous titania inside the films and compare this with the near surface parts for the first time. In more detail, we prepare two mesoporous nanostructured titania films annealed at 600 °C in air and in nitrogen atmosphere, which are denoted as air-600 and nitrogen-600, respectively. By the high-temperature annealing the block copolymer template is completely removed. The surface nanostructures of both films are probed with scanning electron microscopy (SEM) as shown in Figure 1a and 1b. Both samples exhibit a mesoporous and interconnected titania network, suggesting that the annealing atmosphere hardly affects the general formation of a sponge-like surface morphology. Moreover, the pore sizes in both films are similar but the regularity of the mesopore arrays differs in terms of order and polydispersity of the pores. The air-600 film shows an array of well-ordered mesopores with a diameter of (21 ± 4) nm (Figure 1a) , whereas comparatively less ordered mesopores are present at the nitrogen-600 sample surface and a pore size of (18 ± 7) nm is observed (Figure 1b) . The different structural order can be explained by oxygen vacancies. The annealing at a high temperature in an oxygen-poor environment is known to lead to the formation of more oxygen vacancies, [30, 31] which could result in a certain degree of distortion of the surface lattice. [32] The vertical composition of the air-600 and nitrogen-600 films is investigated with x-ray reflectivity (XRR). The XRR data with respective fits based on the Parratt algorithm are displayed in Figure 1c . From data modeling, the scattering length density (SLD) profiles are obtained and shown in Figure 1d . It can be seen that both mesoporous titania films consist of two layers: A thin layer with a higher SLD located at the substrate and a thick layer with a lower SLD forming the majority of the film. For the air-600 sample the determined thicknesses are (6.7 ± 0.3) nm and (484 ± 1) nm for the thin and the thick layer, respectively. Both layers are thicker in the nitrogen-600 film with having a value of (9.5 ± 0.4) nm for the thin layer and (567 ± 1) nm for the thick layer. Thus, the type of block copolymer removal affects the total film thickness of the mesoporous films. Annealing in nitrogen atmosphere typically leads to a higher percentage of crystal phase (as compared to annealing in air), [33] which reduces the collapse of titania nanostructures during the high-temperature treatment. [34] Ma et al. demonstrated a stable mesoporous structure of films annealed at 450 °C in nitrogen atmosphere versus a fully destroyed structure of films annealed in air. [33] Moreover, it affects their porosity. In general, the SLD depends on the material density of the probed material. [35] [36] [37] [38] Thus, the SLD is reduced for porous films as compared to solid ones. Accordingly, the porosity Φ of the mesoporous titania films can be calculated as
(1) where ρ m is the measured SLD of the mesoporous titania films and ρ t is the theoretical SLD of compact titania (3.17 × 10 -5 Å -2 ). For both types of mesoporous titania films, the substrate-near thin layers are found to be much denser as compared to the above-lying thick layers. The thin and thick layers have a porosity of 40 % and 77 % for the air-600 sample, while 37 % and 80 % are calculated for the nitrogen-600 film. Thus, the differences in the mesopore structure on the film surface (seen with SEM) are present inside the titania films as well. However, from the surface structure one would have extracted the opposite porosity underlining the complexity of nanostructure formation. To probe the inner morphology of the titania nanostructures annealed in the two different atmospheres, GISANS measurements are performed. This advanced scattering technique is a non-destructive method, which probes structures in a range from nanometer to micrometer with a high statistical relevance since the neutron beam has a macroscopic footprint on the probed samples. [35, [39] [40] [41] In more detail, both films are firstly measured in air to see the difference of the inner morphology. Subsequent GISANS measurements during exposure to D 2 O vapor (after stabilization at 50 °C for 2 h) are used to compare the deformation of the nanostructures caused by water infiltration. Finally, GISANS measurements are conducted in air again after a total drying of both samples. The two dimensional (2D) GISANS data of both the air-600 and nitrogen-600 samples are displayed in Figure 2a -f. The first, second and third column show the results from the aforementioned experimental scenarios, respectively. These 2D GISANS data show very distinct features. As annotated in Figure 2b , the direct beam at q y = q z = 0 is blocked with a beamstop to protect the detector from oversaturation. Above the direct beam and at q y = 0, an intensity minimum is observed which arises from the sample horizon (indicated by dashed line). Furthermore, an intensity maximum is found at q z = 0.22 nm -1 , which is the specular reflected peak. At this position, the exit angle of neutron beams is equal to the incident angle.
Between the specular peak and the sample horizon a local intensity maximum at q z = 0.16 nm -1 can be found, which is caused by the enhanced diffusing scattering in the Fresnel transmission function at the critical angle of titania. This intensity maximum is called the Yoneda peak. [42] In addition, it is noticeable that the scattering intensity from both samples increases after infiltration of D 2 O into the mesoporous titania films, which is ascribed to the enhanced scattering contrast having D 2 O inside the titania films. The SLDs of air, titania and D 2 O are 0, 2.40 × 10 -6 Å -2 and 6.33 × 10 -6 Å -2 , respectively. Thus, the scattering contrast between titania and D 2 O is higher than that between titania and air. Moreover, for both the air-600 and nitrogen-600 samples, lateral features at q y = ± 0.18 nm -1 are clearly visible in the first and third column of 2D GIASANS data. In order to investigate the difference of this feature, horizontal line cuts are performed at the Yoneda peak of titania as this peak is material characteristic. [42, 43] The obtained horizontal line cuts are displayed in panels g to i of Figure 2 as a comparison of titania nanostructures probed in air, in D 2 O and in air again. For both samples, the curves in Figure 2g and 2i show sharper peaks at q y = ± 0.18 nm -1 as compared to the curves in Figure 2h , which indicates worse long-range lateral order of the bulk titania nanostructure during exposure to D 2 O vapor. To gain a quantitative structure information, the horizontal line cuts are fitted in the framework of the Distorted Wave Born Approximation (DWBA), assuming scattering objects with cylindrical shape distributed on a one-dimensional paracrystal lattice with a Gaussian distribution. [44] [45] [46] From data modeling, two domain sizes (form factors) and two center-to-center distances (structure factors) of the titania nanostructures are obtained and summarized in Figure 2j and 2k, respectively. It is noticeable that both the domain radii and the corresponding center-to-center distances are larger in the air-600 sample than for the nitrogen-600 sample, indicating that annealing under ambient conditions gives rise to larger titania nanostructures than in nitrogen atmosphere thereby causing the higher SLD value. However, the domain radii for both samples stay almost unchanged irrespective of measuring conditions, implying that the ingression and removal of the D 2 O do not affect the size of titania nanostructures. From data modeling we realize that the most prominent features in the horizontal line cuts (peaks or shoulders in Figure 2g -i) are caused by the structure factors (center-to-center distances) of the large-sized nanostructures. The fitting results show that the center-to-center distances decrease for both samples when exposed to D 2 O vapor, whereas they return to their original values after D 2 O removal. Moreover, the data modeling for the air-600 sample gives a similar center-tocenter distance of (29.0 ± 0.5) nm and a similar Gaussian distribution width of (3.3 ± 0.1) nm before exposure to D 2 O and after the complete removal of D 2 O. In contrast, when measured in D 2 O vapor, the center-to-center distance decreases to (24.5 ± 0.5) nm while the Gaussian distribution width increases to (5.4 ± 0.1) nm. The nitrogen-600 sample has a similar tendency for the center-to-center distances and its corresponding Gaussian distribution widths. However, the absolute values differ. The center-to-center distances are slightly smaller with a value of (23.5 ± 0.5) nm before exposure to D 2 O and after a completely removal of D 2 O. Measurements during exposure to D 2 O vapor yield a value of (21.5 ± 0.5) nm. Similarly, the Gaussian distribution width of (4.4 ± 0.1) nm before exposure to D 2 O and after a completely removal of D 2 O is slightly larger as compared to the air-600 sample, while the width increases to (6.0 ± 0.1) nm during exposure to D 2 O vapor. To conclude, during exposure to D 2 O vapor, the Gaussian distribution of the center-to-center distance gets broader for both films, suggesting less ordered mesopores inside the backfilled titania films. Capillary force induced deformation of existing pores is assumed to be the origin of the observed increase in Gaussian peak width as well as the decrease of center-to-center distances during the exposure to D 2 O vapor (for both types of films).
However, the degree of deformation varies in both samples. For the air-600 sample measured in D 2 O vapor, the center-to-center distance decreases by 15 % whereas the corresponding Gaussian distribution is found to increase by 64 % as compared to their initial values before backfilling. For the nitrogen-600 sample, a decrease by 9 % and an increase by 36 % are found in the centerto-center distance and the corresponding Gaussian distribution width, respectively. Smaller percentages in both decrease of center-to-center distance and increase of the corresponding Gaussian distribution width suggest a lower degree of deformation of the interconnected titania network in the nitrogen-600 sample. The result implies that more ordered mesopores cannot better withstand the water infiltration and that higher porosity does not induce more deformation. Oxygen vacancies mainly account for the observed differences. On the one hand, the presence of oxygen vacancies leads to the atomic rearrangement, which thereby reduces the Ti-O bond lengths and strengthens the Ti-O bonds. [47, 48] Naldoni et al. experimentally observed a lattice contraction of TiO 2 induced by oxygen vacancies. [49] On the other hand, water molecules tend to be adsorbed on the perfect TiO 2 surface rather than on defect sites induced by oxygen vacancies. [50] [51] [52] Hugenschmidt et al. demonstrated that the adsorption energy of water on the TiO 2 perfect surface (71-90 kJ mol -1 ) is larger than that on the oxygen vacancies (about 53 kJ mol -1 ). [50] Therefore, stronger Ti-O bonds and less interplay between water molecules and sample surface account for less structure deformation for the nitrogen-600 film. Furthermore, this deformation is reversible as the domain size and the corresponding center-to-center distance of large-sized titania nanostructures stay unchanged within the error of the fit when probed initially before backfilling and after the removal of D 2 O. In addition, the Gaussian distribution widths of the center-to-center distances are smaller in the air-600 sample as compared to the nitrogen-600 sample irrespective of measuring conditions, which is also manifested in sharper peaks of the horizontal cuts in the air-600 sample versus the nitrogen-600 sample. The smaller Gaussian distribution width indicates the presence of improved order of the mesopores in the whole volume of the air-600 film. Less oxygen vacancies are ascribed to less structural distortion in the film bulk as well. [53] The center-to-center distance and the corresponding Gaussian distribution width for small-sized nanostructures are simply only smaller as compared to the large-sized nanostructures, whereas they show a similar trend in the different measuring scenarios as discussed for the large-sized nanostructures. Thus, findings are confirming derivations made for the case of the large-sized nanostructures and no additional discussion is required for the smaller nanostructures.
To probe the nanostructures at the near surface and at the near substrate interface (close to silicon) in D 2 O vapor environment for both films, evanescent GISANS measurements are performed from the front side and from the substrate side of the samples, respectively. To achieve this, a very shallow incident angle of 0.15° is chosen for these measurements, which is below the critical angle of the probed materials. The resulting 2D GISANS data are shown in Figure 3a -d. To quantify the difference of the lateral structures in the sample surface and interface for both samples, horizontal lines cuts are performed at the Yoneda peak of titania and shown in Figure 3e and 3f. The cuts and fits are analyzed with the same procedure as described above for the inner film morphology. The center-to-center distance of large-sized nanostructures gives rise to the prominent peaks in horizontal line cuts for both the sample probed at surface and interface as well. For the air-600 film, both the center-to-center distances at the surface and the interface have a similar value of (28.0 ± 0.5) nm with a the Gaussian distribution width of (4.5 ± 0.1) nm, while for the nitrogen-600 films the titania nanostructures at sample surface have a center-to-center distance of (23 ± 0.5) nm with a Gaussian distribution of (5.3 ± 0.1) nm and at the sample interface the center-to-center distance has the same size but with a larger Gaussian distribution of (5.8 ± 0.1) nm. Therefore, for both types of films the center-to-center distance of titania nanostructures at the surface and at the interface is slightly larger as compared to the bulk ((24.5 ± 0.5) nm for the air-600 films and (21.5 ± 0.5) nm for the nitrogen-600 films), whereas the widths of Gaussian distribution are slightly smaller. As a consequence, the nanostructures at the surface and interface of both samples have less distortion in the D 2 O vapor environment as compared to the bulk nanostructures. For the sample surface, it may due to the weak interaction between surface nanostructures and D 2 O vapor; while for the interface it is ascribed to the existence of the denser layer. Moreover, from fitting an additional titania domain size of (70 ± 9) nm with a center-to-center distance of (150 ± 20) nm is required for modelling the nanostructure at the interface to the substrate for both the air-600 and nitrogen-600 films, which is in line with a denser structural morphology revealed by XRR measurements.
In summary, nanostructured mesoporous titania films are prepared with high temperature treatment in ambient air and nitrogen atmosphere. In general, both films consist of two parts in vertical direction: In a thin layer close to the substrate the film is denser, whereas the main part of the film on top is more porous. The applied preparation process impacts on the titania nanostructure. The nitrogen-600 film shows a larger film thickness and average porosity than the air-600 film, whereas its nanostructure order is less-defined. During exposure to D 2 O vapor, infiltration of water causes distortions of the titania nanostructures, which is an important finding with respect to the applications that making use of backfilling of titania nanostructures from aqueous solution such DSSCs or exposing titania nanostructures to an aqueous environment such as batteries and catalysis. The air-600 film shows a larger degree of structure deformation in the sample bulk as compared to the nitrogen-600 film. Thus, the annealing atmosphere is relevant for the details of the mesoporous nanostructure and perhaps more important also impacts on the level to what the initially tailored nanostructure can be maintained during water infiltration. Keeping in mind that many studies carefully design titania nanostructures to match characteristic needs from the application, such backfilling induced changes of the nanostructures are very relevant and should be considered in the optimization of the titania nanostructures. As compared to the film volume, the surface and interface nanostructures are less affected by the backfilling. Therefore, imaging techniques will underestimate the distortions of the nanostructure induced by water infiltration. Moreover, the deformation of lateral nanostructures is completely reversible after the removal of D 2 O from both samples. Thus, deformation is only present as long as water is present inside the pores. Such water induced reversible nanostructure deformation shows great potential for a possible use of mesoporous titania films as actuator materials. The different demands of the nanoscale actuator can be easily tuned via the atmosphere present during the high temperature removal of the block copolymer template.
Experimental Section
Materials: Polydimethyl siloxane-block-methyl methacrylate polyethylene oxide (PDMS-b-MA(PEO), M n (PDMS) = 5000 g mol -1 , M n (PEO) = 3000 g mol -1 ) was synthesized according to a procedure described in literature. [54] Titanium tetra-isopropoxide (TTIP, 97%), tetrahydrofuran (THF, 99.9 %), iso-propanol (IPA, 99.9 %) and hydrochloric acid (HCl, 37%) were purchased from Carl Roth GmbH.
Preparation of nanostructured titania films:
The nanostructured titania films were fabricated based on a diblock copolymer template assisted sol-gel synthesis. Firstly, the diblock copolymer PDMS-b-MA(PEO) (305 mg) was dissolved in a mixture of THF (3.85 mL) and IPA (1.45 mL) for 30 min and then filtered with a polytetrauoroethylene (PTFE) filter (a pore size of 0.45 µm). Subsequently, TTIP (159 µL) and HCl (42.6 µL) were added simultaneously to the polymer solution. The final weight ratios of the sol-gel components were 6:3:1 of PDMS-b-MA(PEO):TTIP:HCl. After 60 min of stirring at room temperature, the solution was spin-coated (2000 rpm, 60 s) onto the silicon (Si) substrates. Directly after spin coating the samples were annealed at 600 °C for 4 h in an ambient air or nitrogen atmosphere. Film characterization: SEM measurements were performed on an FESEM Gemini NVision 40 apparatus (Carl Zeiss) with an acceleration voltage of 5 kV, an aperture of 10 µm and a working distance of 3 mm. XRR measurements were conducted on a Bruker D8 ADVANCE x-ray diffractometer using a wavelength of 1.54 Å with a 2θ range from 0 to 6°. The GISANS measurements were carried out at the small angle neutron scattering beamline KWS2 of the Jülich Centre for Neutron Science (JCNS) at the research reactor FRM II of the Heinz MaierLeibnitz Zentrum (Garching, Germany). [55] A neutron wavelength of 4.5 Å was chosen by velocity selectors. For inner film morphology probing, a grazing incident angle was set to 0.55°, which was well above the critical angle of titania (0.23°). Before the measurements, the samples were placed in a vapor chamber. After a first GISANS measurement in air, the chamber was closed and 10 mL of D 2 O were injected in a reservoir inside the chamber. Subsequently, the chamber was heated up to 50 °C. The relative humidity in the chamber was measured to be 80 %. After 2 h stabilization of the D 2 O induced humidity, the samples were probed by GISANS in the vapor environment. Finally, the samples were measured again after being completely dried in air. For each GISANS measurement the data acquisition time was 60 min. For the investigation of the nanostructures near the film surface and near the substrate interface, the evanescent GISANS measurements were performed with a grazing incident angle of 0.15°. To probe the film surfaces, the measurements were conducted from front side of the probed samples. Similarly, the near substrate structures were probed from the substrate side. These measurements were counted 120 min each. To detect the scattering signal, a two-dimensional detector with 6 Li scintillator glass (pixel size of 5.25 mm × 5.25 mm, 128 by 128 array) was used with a sample-to-detector distance of 6.661 m for both types of GISANS measurements. Horizontal line cuts obtained from the 2D GISANS data of (e) the air-600 and the (f) nitrogen-600 sample. In (e,f) symbols in dark and in light colors represent cuts obtained from the measurements from the sample front side and substrate side, respectively. The red lines are the fits to the cuts. The curves are shifted along the intensity axis for clarity of the presentation.
